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Abstract
Leukocyte-like cells called hemocytes have key functions in Drosophila innate immunity. Three hemocyte types occur:
plasmatocytes, crystal cells, and lamellocytes. In the absence of qimmune challenge, plasmatocytes are the predominant
hemocyte type detected, while crystal cells and lamellocytes are rare. However, upon infestation by parasitic wasps, or in
melanotic mutant strains, large numbers of lamellocytes differentiate and encapsulate material recognized as ‘‘non-self’’.
Current models speculate that lamellocytes, plasmatocytes and crystal cells are distinct lineages that arise from a common
prohemocyte progenitor. We show here that over-expression of the CoREST-interacting transcription factor Chn in
plasmatocytes induces lamellocyte differentiation, both in circulation and in lymph glands. Lamellocyte increases are
accompanied by the extinction of plasmatocyte markers suggesting that plasmatocytes are transformed into lamellocytes.
Consistent with this, timed induction of Chn over-expression induces rapid lamellocyte differentiation within 18 hours. We
detect double-positive intermediates between plasmatocytes and lamellocytes, and show that isolated plasmatocytes can
be triggered to differentiate into lamellocytes in vitro, either in response to Chn over-expression, or following activation of
the JAK/STAT pathway. Finally, we have marked plasmatocytes and show by lineage tracing that these differentiate into
lamellocytes in response to the Drosophila parasite model Leptopilina boulardi. Taken together, our data suggest that
lamellocytes arise from plasmatocytes and that plasmatocytes may be inherently plastic, possessing the ability to
differentiate further into lamellocytes upon appropriate challenge.
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Introduction
Leukocytes play a critical role in the innate immune responses
of humans and invertebrates. Like their human counterparts,
Drosophila leukocyte-like cells (termed hemocytes) neutralize
invading pathogens through phagocytosis, encapsulation and
melanization. Three hemocyte cell types have been shown to
occur (reviewed in [1–3]). Of these, the most abundant is the
plasmatocyte, which accounts for 95% of circulating hemocytes.
Plasmatocytes are professional macrophages that are capable of
removing foreign material and apoptotic cells by phagocytosis [4].
Less abundant are crystal cells, which comprise approximately 5%
of hemocytes. Crystal cells are responsible for melanin synthesis
during pathogen encapsulation and are required for wound
healing and coagulation [5]. The final hemocyte type is a large
flattened cell, the lamellocyte. These are responsible for encapsu-
lating material recognized as ‘‘non-self’’. Lamellocytes are seldom
detected in larval hemolymph in the absence of immune challenge.
However, large numbers differentiate either upon infestation by
parasitic wasps [6,7], or in a number of melanotic mutant strains
[8,9].
Two waves of hematopoiesis occur. First, during embryonic
development hemocytes arise from the head mesoderm [10,11]
and subsequently populate the entire embryo. Following hatching
of the larva, these hemocytes of embryonic origin persist and
replicate in the larval hemolymph, while a second wave of
hematopoiesis occurs in the larval lymph gland [11–13].
Hemocytes generated in the lymph gland are usually liberated at
metamorphosis and contribute to the pupal and adult hemocyte
populations [11]. As Drosophila exhibit an open circulatory system,
hemocytes circulate in hemolymph (blood) that freely bathes all
organs. In larva, movement of the hemolymph is mediated by
contractions of the dorsal vessel and by peristaltic movements of
the body. In a mature third instar larva approximately 5000
hemocytes occur, of which two thirds freely circulate in the
hemocoel, while the remainder attach to the inner surface of the
integument [12]. Both plasmatocytes and crystal cells are detected
in these distinct sessile compartments [12,14]. The function of
these sessile compartments is unclear, although it has been
proposed that they provide a progenitor pool for lamellocytes [15].
Current models for the origin of the three hemocyte types
propose that plasmatocytes, crystal cells and lamellocytes represent
distinct lineages that arise separately from a common stem cell or
prohemocyte [1–3,12]. The transcriptional hierarchy controlling
plasmatocyte and crystal cell development is well characterized. In
embryos, initial hemocyte determination requires the GATA
factor Serpent (Srp) [16]. Subsequent differentiation into plasma-
tocytes is regulated by the transcription factors Glial cells missing
(Gcm) and Gcm2 [17]. In contrast, differentiation into crystal cells
is triggered by expression of the AML-1/Runx1 homologue
Lozenge [18]. Lamellocyte differentiation can be triggered by
activation of a number of signalling pathways including the JAK/
PLoS ONE | www.plosone.org 1 November 2010 | Volume 5 | Issue 11 | e14051STAT [9,19], Toll [20] and JNK pathways [21]. Recently it has
been suggested that the Friend of GATA protein U-Shaped (Ush)
may be the target of these pathways during lamellocyte
differentiation [22,23]. Significantly, these authors suggest that
lamellocytes arise from plasmatocytes, indicating that a reassess-
ment of lamellocyte origin is required.
In the course of a misexpression screen to identify novel
regulators of hemocyte development [14], we uncovered the
transcriptional repressor CG11798 (also known as charlatan (chn)o r
taco). Chn was first isolated in a genetic screen for mutations
affecting embryonic peripheral nervous system (PNS) development
[24] and was subsequently shown to be an important regulator of
achaete/scute gene expression [25]. Chn is a putative transcription
factor that contains 5 zinc fingers and shares similarity with the
human neuronal restrictive silencing factor/repressor element RE-
1 silencing transcription factor (NRSF/REST) [26]. Importantly,
Chn interacts with the Drosophila homologue of the NRSF/REST
co-repressor, CoREST [26]. CoREST forms the core of a
transcription repressor complex that includes CtBP, HDAC-1/
HDAC-2 and LSD1, and exhibits histone deacetylase and histone
demethylase activities [27–29]. Through its associated repressor
complexes NRSF/REST binding is speculated to erase histone
marks of active transcription (H3K4me2 and H3K9Ac), establish
the repressive histone mark (H3K9me2), and repress transcription
[27]. In this report we show that Chn over-expression is able to
trigger lamellocyte differentiation. Interestingly, Chn over-expres-
sion appears capable of transforming plasmatocytes into lamello-
cytes. Our results suggest an alternative pathway for the origin of
lamellocytes.
Results
Chn overexpression increases lamellocyte number
During a screen to identify new regulators of hemocyte
development [14] we uncovered the putative transcriptional
repressor CG11798 (also known as Charlatan (Chn) or Taco
[24–26]). To investigate further the effect of Chn on hemocyte
development we overexpressed Chn in larval plasmatocytes and
crystal cells using the Peroxidasin-GAL4 (Pxn-GAL4) driver. The Pxn-
GAL4 driver line also contains a UAS-GFP reporter that enables
plasmatocytes and crystal cells to be visualized live in the
semitransparent larvae. Pxn-GFP expressing sessile plasmatocytes
(Fig. 1A) and circulating plasmatocytes (Fig. 1B) could be detected
in the Pxn-GAL4 driver control but were rarely observed in Pxn-
GAL4 x UAS-chn larvae (Fig. 1E,F). Interestingly, loss of Pxn-GFP
expression was not due to the absence of hemocytes as staining
using the pan-hemocytic marker anti-Hemese [30] revealed that
hemocytes were still present in Chn over-expressing larvae.
Rather, hemocytes observed after Chn over-expression were
larger than typical plasmatocytes (arrowheads, compare
Fig. 1C,G), corresponding in size to lamellocytes. Crystal cells
were not affected by Chn over-expression as melanized crystal cells
were still detected in heat-treated Pxn-GAL4 x UAS-chn larvae
(Fig. S1).
Antibody staining using the lamellocyte marker MAb L1 [31]
confirmed that Chn over-expression in plasmatocytes triggered
lamellocyte differentiation (Fig. 1D,H), with lamellocyte frequency
increasing from 0.5% in the Pxn-GAL4 driver control to 25.6%
(Fig. 1I). Two classes of MAb L1 positive cells were detected. The
first corresponded to mature lamellocytes with diameter .40 mm
(closed arrowheads in Fig. 1H). The second consisted of cells of
diameter between 10–40 mm (open arrowheads in Fig. 1H). These
were sized between a typical plasmatocyte and mature lamello-
cytes and feasibly represent differentiation intermediates between
plasmatocytes and mature lamellocytes.
Pxn-GAL4 is also expressed in crystal cells and at low levels in
the fat body [14]. By over-expressing Chn using either the crystal
cell-specific driver lz-GAL4, or the fat body-specific driver Lsp2-
GAL4 we could exclude these tissues as the source of lamellocytes.
Neither lz-GAL4 nor Lsp2-GAL4 significantly increased lamellocyte
frequency when used to over-express Chn (Fig. 1I, P value .0.05).
In contrast, other plasmatocyte-expressed GAL4 drivers were able
to induce lamellocyte differentiation when used to over-express
Chn. For example, He-GAL4, which is expressed in about 30% of
all hemocytes [14], increased lamellocyte frequencies to 20.5%,
while Hml-GAL4, which is expressed in a sub-population of
plasmatocytes [32], raised frequencies to 4.9% (Fig. 1I). In He-
GAL4, UAS-GFP x UAS-chn or Hml-GAL4, UAS-GFP x UAS-chn
larvae GAL4-mediated expression of GFP is sustained after Chn
over-expression. Double staining of hemocytes isolated from these
larvae identified cells that were both GFP-positive and MAb L1-
positive (Fig. S2), showing that Chn-induced lamellocyte differen-
tiation by these drivers is cell autonomous and that Hml-GAL4
expressing plasmatocytes can be transformed into lamellocytes.
The lower numbers of lamellocytes observed after Chn over-
expression using Hml-GAL4 compared with Pxn-GAL4 is most
likely due to fewer hemocytes expressing Hml-GAL4 (35%)
compared with Pxn-GAL4 (96%). When lamellocyte number after
Chn over-expression is normalized to the number of hemocytes
expressing each driver we observed comparable transdetermina-
tion rates (Fig. S2).
The ability of Chn over-expression to induce lamellocyte
differentiation compared well with other transcription factors
and known regulators of lamellocyte differentiation. As shown in
Figure 1J, similar lamellocyte frequencies were observed after
expression of dominant-negative U-shaped (Ush) variants [22]
using Pxn-GAL4. However, the transcription factor Kruppel (Kr)
and the co-activator Nejire (Nej) which had also been identified in
our genetic screen to induce lamellocytes when expressed using
Pxn-GAL4 [14], were much less efficient than Chn, with
lamellocyte frequencies of 9.7% and 7.2% respectively observed
(Fig. 1J). Significantly, overexpression of the early B cell factor
homologue Knot (Kn) failed to induce lamellocyte differentiation,
with lamellocyte frequency unchanged from the Pxn-GAL4 driver
alone control (Fig. 1J). Kn was previously shown to be required for
lamellocyte development although function is non-cell autono-
mous [33], a conclusion supported by our results. As an additional
control we observed that ectopic expression of another CoREST-
interacting transcription factor, Tramtrack88 (Ttk88) [34], failed
to induce lamellocyte development (Fig. 1J).
Pulsed Chn expression increases lamellocyte numbers in
circulation
Pxn-GAL4 is first expressed in plasmatocytes during late
embryonic stages [35] and persists during all larval stages [14].
In the previous experiments we examined lamellocyte differenti-
ation at wandering third instar larval stages approximately 100 hrs
after the onset of Chn expression in plasmatocytes. To exclude the
possibility that lamellocyte induction by Chn was an indirect
consequence of long-term expression of Chn we examined the
effect of pulsed over-expression of Chn. Precise temporal control
of Chn expression was overlaid on Pxn-GAL4 using the TARGET
system [36]. In this approach, Pxn-GAL4 mediated induction is
controlled by ubiquitous expression of a temperature sensitive
variant of yeast GAL80 (GAL80ts). GAL80ts represses Pxn-GAL4
at 18uC, but is inactivated at 29uC, allowing onset of Pxn-GAL4
mediated expression to be controlled by temperature up-shift (see
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course of Chn-induced lamellocyte differentiation can be assayed.
Larvae were cultured at 18uC until the third larval instar and
then shifted to 29uC to induce Chn expression in plasmatocytes.
Lamellocytes were rarely seen in larvae 0 hr (Fig. 2A), or 12 hr
after up-shift to 29uC (Fig. 2B). However, lamellocyte number
increased dramatically at 18 hr (Fig. 2C) and 24 hr (Fig. 2D) after
up-shift. The lamellocyte frequency observed at 24 hr was 36.6%,
equivalent to that observed after long-term expression of Chn
(Fig. 1I). No significant changes in hemocyte proliferation
(measured by anti-H3S10p staining) were observed at any point
after up-shift to 29uC, with proliferation indexes consistently less
than 1% (Fig. 2F), indicating that lamellocyte increase after Chn
overexpression was not caused by over proliferation of a small pool
of existing lamellocytes or precursors. Moreover the larval lymph
glands remained intact over this time course (Figure 2K,L)
suggesting that it is unlikely that lamellocytes released into
circulation due to fragmentation of the lymph glands account for
the observed increases in circulating lamellocyte numbers.
As observed after long term Chn expression, two classes of MAb
L1
+ cells were detected i) mature lamellocytes .40 mm in size and,
ii) lamellocytes ,40 mm in size, intermediate between plasmato-
cytes and mature lamellocytes. However, lamellocytes larger than
40 mm showed a lag in appearance relative to those smaller than
40 mm (Fig. 2E). Thus at 24 hr after Chn induction, small MAb
L1
+ cells were 29% of hemocytes, while mature MAb L1
+
lamellocytes only comprised 6.7%. This is consistent with
lamellocytes originating from a small precursor that increases in
size as lamellocytes mature.
We next examined whether circulating hemocytes purified from
Pxn-GAL4; GAL80ts x UAS-chn wandering third instar larvae could
differentiate into lamellocytes in isolation in vitro. Circulating
hemocytes were isolated from larvae that had been cultured at
18uC. Few of these were MAb L1
+ lamellocytes (Fig. 2G).
However, after culture in vitro at 29uC for 24 hours to initiate
Chn over-expression, many MAb L1
+ lamellocytes were detected
(Fig. 2H). Quantitation of lamellocyte frequencies revealed that
lamellocyte abundance increased from 1.3% to 40% after Chn
induction in vitro (Fig. 2I). These data confirm that lamellocytes
detected in circulation after Chn induction can arise from
progenitors that exist in circulation prior to Chn over-expression.
This is interesting in the light of recent reports that sessile
hemocyte compartments have the ability to differentiate into
lamellocytes [15]. Our data suggest that this is a common property
of hemocytes of embryonic origin, whether in circulation or in
sessile compartments.
Figure 1. Chn over-expression increases lamellocyte number. Chn overexpression decreases (A,E) sessile (asterisk) and (B,F) circulating
plasmatocyte numbers. (C, G) Anti-Hemese staining detects hemocytes after Chn expression although hemocyte size is increased (arrowheads) (D,H)
MAb L1 staining confirms that Chn expression increases lamellocyte number. Circulating hemocytes were isolated from (B–D) Pxn-GAL4, UAS-GFP x
w
1118 and (F–H) Pxn-GAL4, UAS-GFP x UAS-chn third instar larvae. Antibody staining is shown in green, DAPI-stained nuclei in purple. Scalebars denote
50 mm. (I) Lamellocyte frequency after Chn expression driven by different GAL4 lines. Control driver cross with w
1118 provides a reference. (J)
Comparison of lamellocyte differentiation induced by expression of other transcription factors with Pxn-GAL4. Each data point in (I,J) is the mean +/2
s.d. of at least 5 assays.
doi:10.1371/journal.pone.0014051.g001
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ts x UAS-chn wandering stage third
instar larvae were raised at 18uC (GAL4 repressed) and Chn was induced by up-shift to 29uC. (A–D) Lamellocytes are absent from circulation (A)0h r
and (B) 12 hr after induction of Chn expression, but appear at (C) 18 hr, peaking at (D) 24 hr. (E) Proportion of lamellocytes ,40 mm (red line) or
.40 mm (blue line) relative to total hemocyte number (marked by DAPI staining) Time-points are the mean +/2 s.d. of 10 determinations. (F)
Proliferation index after Chn overexpression determined from number of anti-H3S10p antibody staining hemocytes relative to total hemocyte
number (marked by DAPI staining) (G) Hemocytes freshly isolated from larvae grown at 18uC do not stain with MAb L1, but (H) after in vitro culture at
29uC for 24 hr to induce Chn expression many lamellocytes were detected, including mature (closed arrowheads) and intermediate (,40 mm) (open
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We next tested if this feature is shared by lymph gland
plasmatocytes. During larval stages the lymph gland is the site of a
second wave of hematopoiesis, and generates hemocytes that are
liberated at pupariation [12,13]. Lymph gland hemocytes have the
ability to differentiate into lamellocytes in response to stimuli
including, parasitic wasp infestation [9,12]. To determine whether
Chn overexpression can also trigger lymph gland plasmatocytes to
form lamellocytes we exploited the normal expression of Pxn-GAL4
in plasmatocytes and crystal cells in the cortical zone of the lymph
gland [13]. As above, temporal control of Chn expression was
overlaid over Pxn-GAL4 using the TARGET (Ubi-GAL80
ts) system.
MAb L1 staining revealed that Chn expression in lymph gland
plasmatocytes induced the differentiation of large numbers of
lamellocytes within 18 hr (Fig. 2K) and 30 hr (Fig. 2L) after up-
shift to 29uC. Lamellocytes were detected in the cortical zone of
the primary lymph gland lobes (closed arrowheads in Fig. 2K,L).
These are the normal sites of plasmatocyte and crystal cell
maturation and correspond to the domain of Pxn-GAL4 expression,
indicating that the Chn-induced lamellocyte differentiation is cell
autonomous. Importantly, lamellocytes were not observed in
secondary lobes that contain undifferentiated prohemocytes (open
arrowheads in Fig. 2K,L). Moreover, as noted for circulating
hemocytes Chn induction did not increase proliferation of lymph
gland hemocytes (Fig. 2M–O). In addition, the larval lymph glands
remained intact, thus excluding the possibility of lamellocytes
being released into circulation to account for increases in
circulating lamellocyte numbers.
Chn over-expression induces transcription of lamellocyte
markers
We next confirmed whether Chn over-expression induced
expression of other lamellocyte markers. We purified hemocytes
from Pxn-GAL4, UAS-GFP; Ubi-GAL80
ts driver-alone and Pxn-
GAL4, UAS-GFP; Ubi-GAL80
ts x UAS-chn wandering third instar
larvae that had been cultured at 29uC for 24 hours. mRNA was
isolated and transcript abundance determined by real-time PCR.
We confirmed that transcription of the 240 kDa subunit of
Filamin (Filamin-240) is up-regulated 11 fold in hemocytes after
Chn induction (Fig. 3A). Filamin-240 has previously been shown
to be expressed exclusively on lamellocytes [37]. In a similar
manner lamellocytes have previously been shown to stain with
antibodies against the b-integrins Myospheroid (Mys) and b
v-
integrin (bInt-v) [19]. Up-regulation of the a-integrins a-PS4 and
a-PS5 has also previously been shown to accompany ectopic
lamellocyte differentiation observed in hop
Tum-l mutants [19]. We
observed that Chn over-expression was accompanied by increased
abundance of all these integrins, with Mys and bInt-v transcript
levels increased 10 and 13 fold respectively, and a-PS4 and a-PS5
transcript levels increased 10 and 24 fold respectively (Fig. 3A).
Thus Chn over-expression is accompanied by increased transcrip-
tion of lamellocyte markers, confirming data obtained using MAb
L1 antibodies.
Conversely, Chn over-expression led to the repression of
plasmatocyte markers. Consistent with results observed using the
Pxn-GFP reporter, Chn over-expression reduced Pxn transcription
by 35 fold 24 hours after Chn induction (Fig. 3B). Repression of
Pxn transcription was accompanied by slight reduction in
expression of Croquemort (Crq) and Hemolectin (Hml), while transcript
levels of eater were essentially unchanged (Fig. 3B). These
transcripts may not be direct targets of Chn and potentially
require a longer period of Chn over-expression to observe
significant reduction in expression levels.
Endogenous Chn expression
We next verified whether Chn is normally expressed in larval
hemocytes. We compared the relative abundance of chn transcripts
in purified hemocytes with abundance in whole third instar larvae
and isolated fat body tissue. For comparison we assayed expression
of hemocyte markers He and Hml and the fat-body marker Fat body
protein 1 (Fbp1). As shown in Figure 4A, chn was expressed in wild-
type hemocytes and enriched relative to whole third instar larvae
7.5 fold. This was comparable to the observed enrichment of the
hemocyte markers He and Hml. In contrast chn expression in fat
body was reduced relative to whole third instar larvae. To
discriminate whether chn may be normally required for lamellocyte
differentiation we examined the affect of RNAi knockdown of chn
transcripts on wasp-induced lamellocyte differentiation. Control
UAS-Dcr-2; Pxn-GAL4, UAS-GFP x w
1118 and UAS-Dcr-2; Pxn-
GAL4, UAS-GFP x UAS-chni 2
nd instar larvae were infested with the
parasitic wasp L. boulardi G486 for 12 hours and hemocytes
isolated 30 hours later and lamellocytes visualized using MAb L1.
As shown in Figure 4B, while lamellocyte frequency was almost
50% in control preparations, lamellocyte frequency in chn RNAi
preparations was reduced to 25%, suggesting that knockdown of
chn is partially able to block lamellocyte differentiation.
In vitro differentiation of lamellocytes from
plasmatocytes
We next examined whether plasmatocytes can be induced to
differentiate into lamellocytes in response to other signals. In
particular, large numbers of lamellocytes have previously been
observed in hop
Tum-l mutants, which encode a constitutively active
variant of the Drosophila JAK [9,19]. We used these mutants to
explore the transition from Pxn-GFP
+ plasmatocyte to MAb L1
+
lamellocyte. Antibody staining of hop
Tum-l; Pxn-GAL4, UAS-GFP
hemolymph discriminated three hemocyte populations. As shown
in Fig. 5A–D, GFP
+/MAb L1
2 plasmatocytes (arrows), large
(.40 mm) GFP
2/MAb L1
+ lamellocytes (closed arrowheads), and
GFP
+/MAb L1
+ hemocytes (open arrowheads) were detected.
Large (.40 mm) GFP
+/MAb L1
+ lamellocytes were never
observed (Fig. 5D). The GFP
+/MAb L1
+ hemocytes (open
arrowheads) detected were intermediate in size between plasma-
tocytes (arrows) and mature lamellocytes (closed arrowheads), and
resembled the ,40 mm MAb L1
+ lamellocytes observed after
pulsed over-expression of Chn. We postulate that these are double-
positive intermediates between plasmatocytes and mature lamel-
locytes.
To provide support for this we purified GFP
+/MAb L1
2
plasmatocytes and asked if these can differentiate into lamellocytes
in vitro. The hop
Tum-l mutants provide a convenient system to test
this, as the mutation is temperature-sensitive conditional. Thus,
growth at 20uC weakly activates the JAK/STAT pathway and
lamellocyte differentiation, while growth at 29uC induces strong
JAK/STAT activation and lamellocyte differentiation. Hemocytes
were prepared from hop
Tum-l; Pxn-GAL4, UAS-GFP larvae grown at
arrowheads) forms. (I) Lamellocyte frequencies before (0 hr) and 24 hr after culture at 29uC. Data are the mean +/2 s.d. of 5 independent
determinations. (J–L) Chn over-expression increases lamellocyte number in primary lymph glands (closed arrowheads), but (M–O) does not increase
proliferation. Lamellocytes were not detected in the secondary lobes (open arrowheads) In (J–O) antibody staining is shown in green, DAPI-stained
nuclei in purple. Scalebar in (A–H) denotes 50 mm, in (J–O) 200 mm.
doi:10.1371/journal.pone.0014051.g002
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GFP
+/MAb L1
2 plasmatocytes (Fig. 5E, arrows) were present.
Cells were sorted on a MoFlo cell sorter to select GFP
+/MAb L1
2
plasmatocytes (Fig. 5F, G). This purified plasmatocyte population
was then cultured in vitro at 29uC to induce fully the JAK/STAT
pathway. After 30 hours, both large (.40 mm) MAb L1
+
lamellocytes (Fig. 5H, closed arrowheads), and smaller (,40 mm)
MAb L1
+ lamellocytes (Fig. 5H, open arrowheads) were detected.
The lamellocyte frequency after 30 hours corresponded to 36.6%
of cells (Fig. 5I), consistent with the differentiation of purified
plasmatocytes into lamellocytes.
Lineage tracing wasp-induced lamellocytes
Lamellocyte differentiation induced by de-regulated activation
of the JAK/STAT pathway or over-expression of Chn could be
argued to be synthetic phenotypes. To confirm if lamellocytes
differentiate from plasmatocytes in response to natural stimuli, we
infested larvae with the parasitic wasp L. boulardi G486. Drosophila
larvae were infested with female wasps for 12 hours, and
circulating lamellocyte differentiation was followed 0, 24, 36 and
48 hours after infestation. We observed robust differentiation of
circulating lamellocytes 36 and 48 hours after infestation (Fig. 6C,
D). To determine whether wasp-induced lamellocytes derive from
plasmatocytes we performed a lineage tracing experiment using
the act5C.stop.lacZ flip-out system (Fig. 6E, [38]). We isolated
circulating hemocytes from third instar larvae 36 hours after
infestation and stained using MAb L1 and anti-lacZ antibodies.
Pxn-GAL4-mediated FLP expression activated lacZ-expression in
31.3% of hemocytes (Fig. 6G). Although the frequency of lacZ
+
cells was lower than expected, as Pxn-GAL4 is expressed in 95% of
hemocytes [14], it was sufficient to trap lacZ
+/MAb L1
+
lamellocytes (Fig. 6F), including mature lamellocytes (closed
arrowheads) and intermediates (closed arrows). Quantitation
revealed that 26.4% of hemocytes were lacZ
+/MAb L1
+,o f
which 19.4% were intermediates (,40 mm), and 7.2% were the
typical large lamellocyte form (Fig. 6G). lacZ
2/MAb L1
+
lamellocytes (open arrows) and lacZ
+/MAb L1
2 hemocytes (open
arrowheads) were also detected.
Phagocytes can differentiate into lamellocytes
Finally we examined whether plasmatocytes that differentiate
into lamellocytes are naı ¨ve, or whether plasmatocytes that have
been conditioned by challenge may also differentiate into
lamellocytes. To do this, we tested whether plasmatocytes that
are active phagocytes can differentiate into lamellocytes. Pxn-
GAL4, UAS-GFP; Ubi-GAL80
ts x UAS-chn larvae were cultured at
18uC. Larvae were injected with fluorescent polystyrene micro-
spheres and allowed to recover at 18uC for 2 hours. During the
recovery period, the microspheres are actively engulfed by
phagocytically active plasmatocytes, marking these plasmatocytes
during subsequent analysis. After the recovery period, larvae were
shifted to 29uC for 24 hrs to induce lamellocyte differentiation.
Hemocytes were then isolated and stained using MAb L1
antibodies to detect lamellocytes and rhodamine phalloidin to
reveal cell boundaries. As shown in Figure 7, confocal microscopy
detected internalized beads in MAb L1
2 plasmatocytes (open
arrows). Internalized beads could also be detected in MAb L1
+
lamellocytes (closed arrows), suggesting that these originated from
phagocytically active cells.
Discussion
Drosophila provide a genetically tractable model system to
investigate cellular innate immune function [1–3]. In this report
we have examined the origins of lamellocytes, which are Drosophila
hemocytes that differentiate in response to parasite infestation. We
show here that over-expression of the CoREST-interacting
Figure 3. Chn over-expression activates transcription of
lamellocyte markers and represses transcription of plasmato-
cyte markers. Pxn-GAL4, UAS-GFP; Ubi-GAL80
ts x UAS-chn larvae were
raised at 18uC (GAL4 repressed) and Chn was induced by up-shift to
29uC for 24 hours. Pxn-GAL4, UAS-GFP; Ubi-GAL80
ts x UAS-chn larvae
raised entirely at 18uC provided an uninduced control. mRNA was
isolated from hemocytes from wandering stage third instar larvae and
relative transcript abundance in Chn expressing relative to uninduced
control hemocytes was determined by real-time PCR. RpL32 provided
an endogenous control to normalize expression. Relative transcript
abundance after Chn over-expression of (A) lamellocyte markers and
(B) plasmatocyte markers. Data are mean and standard deviation of
three independent determinations.
doi:10.1371/journal.pone.0014051.g003
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Tum-l/+; Pxn-GAL4-UAS-GFP/+ larvae raised at 20uC contain
hemocytes intermediate between mature lamellocytes and plasmatocytes. (A) MAb L1 and (C) anti-GFP staining. (B) Merge showing overlap in MAb
L1 (red) and anti-GFP (green) Small (,20 mm) GFP
+/MAb L1
2 plasmatocytes (closed arrows), large (.40 mm) GFP
2/MAb L1
+ lamellocytes (closed
arrowheads) and intermediate sized (,40 mm) GFP
+/MAb L1
+ hemocytes (open arrowheads) were detected. (D) 24.7% of hemocytes are the
intermediate GFP
+/MAb L1
+ population. No large (.40 mm) GFP
+/MAb L1
+ lamellocytes were detected. Data are mean +/2 s.d. of 8 determinations.
(E–I) FACS purified GFP
+/MAb L1
2 plasmatocytes from hop
Tum-l/+; Pxn-GAL4-UAS-GFP/+ larvae can be induced to differentiate into lamellocytes in
vitro at 29uC. (E) Hemocytes before sorting, stained with MAb L1 (red) and anti-GFP antibodies (green) Populations are labeled as in (B). (F)
Hemocytes were FACS sorted to select GFP
+/MAb L1
2 cells (lower right quadrant) (G) Confocal microscopy confirms sorted cells as GFP
+/MAb L1
2
plasmatocytes. (H) These can differentiate into MAb L1
+ lamellocytes after in vitro culture at 29uC for 30 hr. Both large mature lamellocytes (closed
arrowheads) and (,40 mm) intermediates (open arrowheads) were detected. (I) Increase in lamellocyte frequency after culture at 29uC (30 hr) Data
are the mean +/2 s.d. of three independent determinations. In (E,G,H) DAPI-stained nuclei are shown in purple. Scalebar in all panels denotes 50 mm.
doi:10.1371/journal.pone.0014051.g005
Figure 4. Endogenous Chn expression. (A) chn transcript levels are elevated in hemocyte populations relative to whole larvae. Elevation of chn
transcript levels parallels that observed for the hemocyte expressed He and Hml transcripts. In contrast chn transcripts are reduced in fat body relative
to whole larvae. Data are mean and standard deviation of three independent determinations (B) RNAi knockdown of Chn reduces lamellocyte
differentiation observed after wasp infestation. Lamellocyte frequencies were determined after MAb L1 staining. Data are mean and standard
deviation of 5 confocal panels from each of 4 separate infested larvae hemocyte preparations.
doi:10.1371/journal.pone.0014051.g004
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differentiation, both in circulation and in lymph glands. Our data
indicate that Chn over-expression transforms plasmatocytes into
lamellocytes. Consistent with this, we are able to detect double-
positive intermediates between plasmatocytes and lamellocytes,
and show that isolated plasmatocytes in vitro can be triggered to
differentiate into lamellocytes following Chn over-expression. This
property is not limited to Chn as we observed that other stimuli,
including activation of the JAK/STAT pathway and the natural
response to parasitic wasp infestation, also induced lamellocyte
formation from plasmatocytes.
Our data suggest that Chnmay control lamellocytedevelopment.
Previously defined regulators of lamellocyte development include
thetranscriptionfactorSTAT92E,theFOG-1homologueUsh,and
the NURF chromatin remodelling complex. STAT92E functions as
an inducer of lamellocyte development, as gain-of-function hop
Tum-l
mutants that activate the JAK/STAT pathway cause lamellocyte
over-production. In contrast, both loss-of-function ush and Nurf
mutants exhibit increased lamellocyte numbers [19,22]. Like the
homologous FOG-1-GATA-1 pairing, Ush modulates activity of
the Drosophila GATA factor Srp [39] to favour plasmatocyte
differentiation [22]. Recent data in mammalian systems indicates
that FOG-1 mediates its effect on GATA-1 in part via recruitment
of the transcriptional co-repressor NURD [40], suggesting that Ush
functions similarly to repress expression of gene targets required for
lamellocyte differentiation in plasmatocytes. Likewise, NURF also
Figure 6. Lineage tracing reveals that wasp-induced lamellocytes arise from plasmatocytes. (A–D) MAb L1-staining (green) of hemocytes
isolated from third instar larvae (A) 0 hr, (B) 24 hr, (C) 36 hr, and (D) 48 hr after 12 hr infestation with the parasitic wasp L. boulardi. DAPI-stained
nuclei are shown in purple. Scalebar denotes 50 mm. (E) Schematic of the lineage tracing experiment. Pxn-GAL4 drives expression of FLP in
plasmatocytes. FLP excises an FRT flanked transcription stop cassette from the act5C.stop.lacZ transgene, turning on expression of lacZ in a
plasmatocytes. act5C-lacZ expression is then independent of Pxn-GAL4, marking cells that were plasmatocytes during subsequent lamellocyte
differentiation. (F) MAb L1 (green) and anti-lacZ (red) antibody staining reveals lacZ
+/MAb L1
+ lamellocytes confirming the plasmatocyte origin of
lamellocytes. Three classes of lamellocytes occur, lacZ
2 lamellocytes (open arrows), and lacZ
+ lamellocytes that are ,40 mm (closed arrows) or
.40 mm (closed arrowheads) lacZ
+/MAb L1
2 hemocytes indicated by open arrowheads. (G) 31.3% of hemocytes are lacZ
+, of which 26.4% are lacZ
+/
MAb L1
+. Consistent with the origin of lamellocytes from small precursors, lacZ
+/MAb L1
+ cells ,40 mm in diameter and cells .40 mm in diameter are
detected.
doi:10.1371/journal.pone.0014051.g006
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activation of targets of the JAK/STAT pathway [19].
The current biochemical data suggest that Chn is a transcrip-
tion repressor as Chn recruits the co-repressor complex CoREST
[26]. Indeed Tsuda and colleagues have shown that Chn over-
expression represses Delta expression in the eye imaginal disk,
while we have shown that Chn over-expression is accompanied by
repression of some plasmatocyte markers. However, we have also
shown that Chn over-expression leads to elevated expression of
lamellocyte markers, and Escudero and colleagues [25] have
demonstrated that Chn over-expression increases expression of the
proneural genes Achaete and Scute. Our data do not allow us to
discriminate whether Chn functions entirely as a transcriptional
repressor or whether it may also activate transcription. However,
the temporally-controlled Chn induction system (Pxn-Gal4 TAR-
GET) that we have utilized here will allow the primary gene
targets of Chn to be determined. By analyzing transcriptional
profiles of hemocytes at defined time points after Chn over-
expression the primary responders to Chn over-expression will be
able to be identified. It will be possible to discriminate whether
these targets are preferentially activated or repressed, and also
subsequently determine recruitment of transcription co-activator
or co-repressor complexes such as CoREST at these targets using
chromatin immunoprecipitation (ChIP).
Our data demonstrating that lamellocytes can originate from
plasmatocytes sheds new light on hemocyte lineages. As shown in
Figure 8, current models of hemocyte lineages speculate that
plasmatocytes, crystal cells and lamellocytes are distinct lineages
that arise separately from a common stem cell or prohemocyte
[1–3,12]. We propose, however, that prohemocytes generate
either crystal cells or plasmatocytes. We suggest that plasmatocytes
are a plastic population that can generate other frequently
observed hemocyte types including lamellocytes. This model is
strikingly reminiscent of the initial hemocyte lineages first
proposed by Rizki in 1957 [41]. According to Rizki, prohemocytes
were predicted to generate either crystal cells or plasmatocytes,
with plasmatocytes differentiating further into activated cells
(podocytes) and then lamellocytes [41]. This model has support
from a number of experimental studies including this manuscript.
Foremost amongst these are recent studies of hemocyte functions
of Ush. Dominant-negative Ush variants are able to induce
lamellocyte differentiation and it has been suggested that Ush
regulates lamellocyte differentiation from a potential plasmatocyte
[22]. Secondly, lamellocyte differentiation in response to Salmonella
infection is blocked in decapentaplegic mutants with a corresponding
increase in plasmatocyte number, suggesting that lamellocytes
arise from plasmatocytes or a common precursor [23].
Two recent studies also suggest that plasmatocytes are a plastic
population that may be able to differentiate into lamellocytes.
Marking of embryonic plasmatocytes using the gcm-GAL4 or sn-
GAL4 drivers and an act5C.stop.GAL4 flip-out transgene shows
that lamellocytes that arise in larvae after wasp infestation may
originate from cells that had expressed gcm-GAL4 or sn-GAL4 in
embryos [42]. Similar results have also been observed using the
act5C.stop.GAL4 flip-out transgene and Pxn-GAL4 and eater-GAL4
[43]. In both these cases the elicitor of the FLP/FRT activation
event and the subsequent sustained marker are the same, namely
GAL4 expression. However, in our lineage tracing experiments,
GAL4 expression initiates the FLP/FRT activation of a distinct
marker, lacZ protein. These data, taken together with our lineage
tracing experiments and in vitro differentiation studies suggest that
the plasmatocyte is an inherently plastic cell type that is capable of
being reprogrammed to tailor immune responses to suit the
infectious threats faced by the host. In humans, lymphocyte and
leukocyte plasticity [44–46] has a significant impact on immune
responses. An important future challenge is to establish the full
spectrum of Drosophila plasmatocyte heterogeneity and exploit the
utility of the Drosophila genetic system to dissect the mechanisms
that regulate such leukocyte plasticity.
Materials and Methods
Fly strains and genetic crosses
The following GAL4 drivers were used: w
1118; Pxn-GAL4, UAS-
GFP [35]; Hml-GAL4 [32]; lz-GAL4 [42]; Lsp2-GAL4; He-GAL4
[30]. UAS lines used were: UAS-chn [25]; UAS-ush-F13 (aa 302-
1191) [22]; UAS-kn [17]; UAS-nej [45]; UAS-ttk88 [34] and UAS-Kr
[46]. For crosses, 5–10 driver line virgin females were mated with
5 males of each UAS strain. Progeny larvae were staged and
analyzed as described in [14] and processed for confocal
immunofluorescence microscopy as described below.
Temporal control of GAL4-mediated Chn expression was using
the TARGET system [36]. The w
1118; Pxn-GAL4, UAS-GFP;
GAL80
ts driver was generated by crossing w
1118; Pxn-GAL4, UAS-
GFP; +/+ with w
1118; +/+; GAL80
ts (w; P{tubP-GAL80
ts}2). Virgin
driver females were crossed with UAS-chn males and crosses
maintained at 18uC to repress GAL4. Progeny were shifted to
Figure 7. Active phagocytes can differentiate into lamellocytes.
Pxn-GAL4, UAS-GFP; Ubi-GAL80
ts x UAS-chn larvae were raised at 18uC
(GAL4 repressed) and injected with fluorescent polystyrene micro-
spheres. Chn expression was induced by up-shift to 29uC for 24 hours
to trigger lamellocyte differentiation. Isolated hemocytes were stained
using MAb L1 antibodies to identify lamellocytes, and using rhodamine-
phalloidin to distinguish cell boundaries. Engulfed microspheres were
identified by intense yellow green fluorescence (which bleeds through
into the red channel). A confocal Z stack was compiled through a MAb
L1
2 plasmatocyte and a MAb L1
+ lamellocyte. Projections along the X-
and Y-axis confirmed that both contained engulfed microspheres. In
panels rhodamine-phalloidin staining is shown in red, fluorescent
polystyrene microspheres as yellow spots (open arrowheads) and MAb
L1 staining is pseudocolored green. MAb L1
+ lamellocyte is indicated by
a closed arrow and MAb L1
2 plasmatocyte is indicated by an open
arrow.
doi:10.1371/journal.pone.0014051.g007
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expression.
Immunofluorescence microscopy
Circulating hemocytes were isolated from five staged wandering
third instar larvae and processed for immunofluorescence
microscopy using multispot slides (PH-001, C.A.Hendley) as
described in [14]. Confocal microscopy was using a Zeiss Axiovert
100 M. Antibodies used were: chicken anti-GFP antibody (1:400,
Upstate Biotechnology), mouse MAb L1b (1:60, [31]), mouse
MAb H2 anti-Hemese (1:50, [30]), rabbit anti-b-galactosidase
(1:2000, Cappel), mouse MAb 40-1a anti-b-galactosidase (1:100),
rabbit anti-Histone H3 phospho S10 (H3S10p; 1:2000, Abcam
ab5176). Secondary antibodies from Jackson Immunoresearch
were: Cy3-conjugated anti-mouse IgG (H+L), FITC-conjugated
anti-chicken IgY (H+L), and Cy3-conjugated anti-rabbit IgG
(H+L), all used at 1:1000.
Chn induction in hemocytes in vitro
Virgin w
1118; Pxn-GAL4, UAS-GFP; GAL80
ts females were
crossed with UAS-chn males. Crosses and progeny were maintained
at the non-restrictive temperature of 18uC to maintain repression
of GAL4. Hemocytes were isolated from 50 wandering stage third
instar Pxn-GAL4, UAS-GFP; GAL80
ts x UAS-chn larvae that had
been cultured at 18uC. Hemocytes were centrifuged at 260 g for 3
minutes at 4uC and resuspended in 500 ml of Schneider’s
Drosophila medium (Gibco) containing 10% fetal bovine serum
(Invitrogen). 1/5 of the cell suspension was fixed and stained
immediately with MAb L1 antibodies. The remaining cell
suspension was cultured in 8 well chamber slides (Labtek II) at
29uC for 24 hr. Hemocytes were fixed in 4% paraformaldehyde at
room temperature for 10 minutes and stained with MAb L1
antibodies.
Marking phagocytically active plasmatocytes
Phagocytosis was monitored by injection of fluorescent
polystyrene microspheres (Yellow-green 2.0 mm Fluospheres,
Invitrogen (F8827)) into the hemocoel of third instar larvae.
Fluospheres were vortexed vigorously to ensure even suspension
and washed in PBS containing 0.1% BSA (Upstate). Beads were
transferred to a drawn glass injection needle (World Precision
Instruments, TW100F-4). w
1118; Pxn-GAL4, UAS-GFP; GAL80
ts x
UAS-chn early third instar larvae were immobilized on double-
sided tape (Scotch 665, 3 M) attached to a glass slide. Larvae were
injected with fluospheres using an Eppendorf Femtojet micro-
injector and Leitz Labovert inverted microscope with injection
stand and needle holder (Leitz). Injections were made at the
posterior of the larvae. Larvae were incubated for 2 hours at room
temperature to recover and then transferred to 29uC for 24 hours
to induce Chn expression. Hemocytes were prepared for
microscopy and stained as described above.
Visualizing crystal cells
Third instar larval crystal cells were visualized by incubating
larvae in 1X PBS for 5 minutes at 60uC. Black crystal cells were
observed using an Olympus SZX12 stereo microscope.
Cell sorting
hop
Tum-l/+; Pxn-GAL4, UAS-GFP/+ larvae were maintained at
20uC. Hemocytes were isolated from 750 larvae in batches of 50 as
described [19]. Hemocytes were centrifuged at 260 g for 3 minutes
at 4uC and washed twice in ice cold PBS. Hemocytes were stained
with MAb L1 (1:60) for 30 minutes on ice, washed three times in
ice cold PBS and stained with biotinylated anti-mouse IgG (H+L)
antibodies (Jackson Immunoresearch, 1:1000) for 30 minutes on
ice. After three washes with ice cold PBS, hemocytes were stained
with APC-streptavidin (BD Pharmingen, 1:750) for 30 minutes on
ice, and washes repeated. Cells were filtered through a CellTrics
50 mm filter (Partec) before sorting on a MoFlo high-speed cell
sorter (Beckman Coulter). Hemocytes from 100 hop
Tum-l/+; Pxn-
GAL4, UAS-GFP/+ larvae processed as above but not stained with
MAb L1 served as a GFP only control. Hemocytes from 100 w
1118
larvae processed as above but only stained with biotinylated anti-
mouse IgG (H+L) and APC-streptavidin provided a secondary
antibody only control to determine baseline APC. Cells were first
gated on forward scatter versus side scatter to select viable cells,
then on pulse width versus forward scatter to remove doublets,
thirdly on compensated FITC signal to select GFP-positive
Figure 8. Proposed model of hemocyte lineage. Current models for the origin of the three hemocyte types propose that plasmatocytes, crystal
cells and lamellocytes represent distinct lineages that arise separately from a common stem cell or prohemocyte. We propose that prohemocytes
generate either crystal cells or plasmatocytes. Plasmatocytes are a plastic population that can, in turn, generate other hemocyte types such as
lamellocytes and podocytes.
doi:10.1371/journal.pone.0014051.g008
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negative cells. Gates were set to select GFP-positive MAb L1-
negative hemocytes. Hemocytes were sorted into Schneider’s
Drosophila medium (Gibco, 11720) containing 10% fetal bovine
serum (Invitrogen) and cultured in 8 well chamber slides (Labtek
II) at 29uC for 30 hours. Hemocytes were subsequently fixed with
4% paraformaldehyde at room temperature for 10 minutes and
stained with MAb L1 antibodies and processed for confocal
microscopy as described above.
Wasp infestation
Lineage tracing experiments were performed by crossing virgin
females of the genotype y
1,w
1118, UAS-Flp.Exel; act5C.stop.lacZ
with w
1118; Pxn-GAL4, UAS-GFP males and the progeny main-
tained at 25uC. Late second instar/early third instar larvae were
infested with 5 females of Leptopilina boulardi G486 at 25uC for
12 hours. Hemocytes were prepared from larvae aged for
30 hours and stained using MAb L1 and anti-lacZ antibodies.
RNAi-mediated knockdown of Chn was achieved by crossing
w
1118, P{UAS-Dcr-2.D}1; Pxn-GAL4, UAS-GFP virgin females with
UAS-chni line 35507 provided by the Vienna Drosophila RNAi
Center. Control (driver crossed with w
1118 males) and knockdown
2
nd instar larvae were infested with L. boulardi as described above,
aged for 30 hours and lamellocytes visualized using MAb L1.
Real-time PCR analysis of transcript levels
Hemocytes were isolated from a total of 300 third instar larvae
of each genotype in batches of fifty animals. Larvae were bled into
HyQ CCM3 culture media containing protease inhibitors and
hemocytes pelleted by centrifugation at 260 g for 5 minutes at 4uC.
Hemocytes were washed twice with PBS. mRNA was isolated
from hemocytes using a mMACS mRNA Isolation kit (Miltenyi
Biotec Ltd, UK) according to the manufacturers instructions. For
analysis of transcript abundance in third instar larvae, mRNA was
isolated from 5 w
1118 larvae using mMACS mRNA Isolation kit.
cDNA was generated by reverse transcription using Superscript II
(Invitrogen) at 42uC. Real-time PCR was performed on an
Applied Biosystems Step One Plus real-time PCR machine.
Reactions were performed using Absolute QPCR SYBR green
ROX mix (Thermo Fisher Scientific, AB-1162). Primers used are
described in Table S1. RpL32 transcript provided the endogenous
control for normalization.
Supporting Information
Figure S1 Chn over-expression doe not affect crystal cell
development. (A) Pxn-GAL4, UAS-GFP x w1118 and (B) Pxn-
GAL4, UAS-GFP x UAS-chn third instar larvae were heat-treated to
reveal crystal cells (black cells in right panels). Chn over-expression
disrupts crystal cell accumulation at sessile compartments but does
not decrease crystal cell number.
Found at: doi:10.1371/journal.pone.0014051.s001 (4.36 MB TIF)
Figure S2 Chn induced-lamellocyte differentiation is cell
autonomous. Hemocytes isolated from (A) Hml-GAL4, UAS-GFP/
UAS-chn and (B) He-GAL4, UAS-GFP/UAS-chn third instar larvae
were stained with MAb L1 (red) and anti-GFP (green) antibodies.
Nuclei were also stained using DAPI (shown in purple). Hemocytes
that are both GFP- and MAb L1-positive could be detected (closed
arrowheads). GFP-positive hemocytes that do not stain with MAb
L1 are indicated (open arrowheads). Scalebar represents 50 mm.
(C) Lamellocyte frequencies observed after Chn expression using
Pxn-GAL4 and Hml-GAL4 were normalized to the percentage of
hemocytes that express GAL4 in the Pxn-GAL4 and Hml-GAL4
driver lines. The resultant ratio (transdetermination frequency)
shows that Pxn-GAL4 and Hml-GAL4 have similar abilities to
induce lamellocyte differentiation.
Found at: doi:10.1371/journal.pone.0014051.s002 (0.92 MB TIF)
Figure S3 Control of Pxn-GAL4 mediated expression by
GAL80
ts. (A,B) Schematic illustrating the TARGET system. (A)
A ubiquitously expressed, temperature-sensitive GAL80 variant
(GAL80
ts) is functional at 18uC. GAL80
ts binds to and represses
GAL4 expressed by Pxn-GAL4 in plasmatocytes, to repress GAL4-
mediated transcription of responders like UAS-GFP. (B) At 29uC,
GAL80
ts is inactivated and GAL4 expressed by Pxn-GAL4i n
plasmatocytes can activate transcription of targets like UAS-GFP.
(C-H) (GAL80
ts) can regulate Pxn-GAL4 mediated gene expression
in hemocytes. Hemocytes were isolated from (C) Pxn-GAL4, UAS-
GFP third instar larvae, (D) Pxn-GAL4, UAS-GFP; GAL80
ts third
instar larvae raised 18uC, and (E) Pxn-GAL4, UAS-GFP; GAL80
ts
third instar larvae raised at 18uC but shifted to 29uC for 24 hr.
Hemocytes were stained with anti-GFP antibodies (green) and
DAPI (blue) to reveal nuclei. GFP is detected in Pxn-GAL4, UAS-
GFP hemocytes, and Pxn-GAL4, UAS-GFP; GAL80
ts hemocytes at
29uC, but is not detected in hemocytes from Pxn-GAL4, UAS-GFP;
GAL80
ts larvae raised at 18uC. GFP expression in (C) and (E) is
equivalent. (F–H) Live intact larvae of the equivalent genotypes to
(C–E) showing GFP fluorescence in dorsal sessile hemocyte
compartments (dashed ellipse). (F) GFP-expressing hemocytes are
detected in sessile compartments in Pxn-GAL4, UAS-GFP larvae. (G)
The sessile patches are indistinguishable from the surrounding
tissues at 18uC but (H) become clearly visible after 24 hr
temperature upshift at 29uC.
Found at: doi:10.1371/journal.pone.0014051.s003 (4.40 MB TIF)
Table S1 Primers used for real-time PCR analysis.
Found at: doi:10.1371/journal.pone.0014051.s004 (0.10 MB
DOC)
Acknowledgments
We thank I. Ando, M. Galko, D. Hultmark, H. Ja ¨ckle, J. Kumar, M.
Williams and the Bloomington Drosophila Stock Center for generously
providing flies and reagents. We thank C. Buckley, B.Y. Jang, M. Mortin
and M. Watson for critical reading of the manuscript; and M. Krajcovic
and M.A. Kim for preparing fly-food.
Author Contributions
Conceived and designed the experiments: MS SYK PB. Performed the
experiments: MS SYK PB. Analyzed the data: MS SYK PB. Wrote the
paper: SYK PB.
References
1. Meister M, Lagueux M (2003) Drosophila blood cells. Cell Microbiol 5: 573–580.
2. Hartenstein V (2006) Blood cells and blood cell development in the animal
kingdom. Annu Rev Cell Dev Biol 22: 677–712.
3. Lemaitre B, Hoffmann J (2007) The host defense of Drosophila melanogaster.
Annu Rev Immunol 25: 697–743.
4. Jones SL, Lindberg FP, Brown EJ (1999) Phagocytosis. Philadelphia: Lippincott-
Raven Publishers.
5. Soderhall K, Cerenius L (1998) Role of the prophenoloxidase-activating system
in invertebrate immunity. Curr Opin Immunol 10: 23–27.
6. Rizki TM, Rizki RM (1992) Lamellocyte differentiation in Drosophila larvae
parasitized by Leptopilina. Dev Comp Immunol 16: 103–110.
7. Sorrentino RP, Carton Y, Govind S (2002) Cellular immune response to parasite
infection in the Drosophila lymph gland is developmentally regulated. Dev Biol
243: 65–80.
Drosophila Lamellocyte Origin
PLoS ONE | www.plosone.org 11 November 2010 | Volume 5 | Issue 11 | e140518. Rizki MTM (1957) Tumor formation in relation to metamorphosis in
Drosophila melanogaster. J Morphol 100: 459–472.
9. Luo H, Hanratty WP, Dearolf CR (1995) An amino acid substitution in the
Drosophila hopTum-l Jak kinase causes leukemia-like hematopoietic defects.
EMBO J 14: 1412–1420.
10. Tepass U, Fessler LI, Aziz A, Hartenstein V (1994) Embryonic origin of
hemocytes and their relationship to cell death in Drosophila. Development 120:
1829–1837.
11. Holz A, Bossinger B, Strasser T, Janning W, Klapper R (2003) The two origins
of hemocytes in Drosophila. Development 130: 4955–4962.
12. Lanot R, Zachary D, Holder F, Meister M (2001) Postembryonic hematopoiesis
in Drosophila. Dev Biol 230: 243–257.
13. Jung SH, Evans CJ, Uemura C, Banerjee U (2005) The Drosophila lymph gland
as a developmental model of hematopoiesis. Development 132: 2521–2533.
14. Stofanko M, Kwon SY, Badenhorst P (2008) A misexpression screen to identify
regulators of Drosophila larval hemocyte development. Genetics 180: 253–267.
15. Ma ´rkus R, Laurinyecz B, Kurucz E, Honti V, Bajusz I, et al. (2009) Sessile
hemocytes as a hematopoietic compartment in Drosophila melanogaster. Proc
Natl Acad Sci USA 106: 4805–9.
16. Lebestky T, Chang T, Hartenstein V, Banerjee U (2000) Specification of
Drosophila hematopoietic lineage by conserved transcription factors. Science
288: 146–149.
17. Alfonso TB, Jones BW (2002) gcm2 promotes glial cell differentiation and is
required with glial cells missing for macrophage development in Drosophila. Dev
Biol 248: 369–383.
18. Bataille L, Auge B, Ferjoux G, Haenlin M, Waltzer L (2005) Resolving
embryonic blood cell fate choice in Drosophila: interplay of GCM and RUNX
factors. Development 132: 4635–4644.
19. Kwon SY, Xiao H, Glover BP, Tjian R, Wu C, et al. (2007) The nucleosome
remodeling factor (NURF) regulates genes involved in Drosophila innate
immunity. Dev Biol 316: 538–547.
20. Qiu P, Pan PC, Govind S (1998) A role for the Drosophila Toll/Cactus pathway
in larval hematopoiesis. Development 125: 1909–1920.
21. Zettervall CJ, Anderl I, Williams MJ, Palmer R, Kurucz E, et al. (2004) A
directed screen for genes involved in Drosophila blood cell activation. Proc Natl
Acad Sci USA 101: 14192–14197.
22. Sorrentino RP, Tokusumi T, Schulz RA (2007) The Friend of GATA protein U-
shaped functions as a hematopoietic tumor suppressor in Drosophila. Dev Biol
311: 311–23.
23. Frandsen JL, Gunn B, Muratoglu S, Fossett N, Newfeld SJ (2008) Salmonella
pathogenesis reveals that BMP signaling regulates blood cell homeostasis and
immune responses in Drosophila. Proc Natl Acad Sci USA 105: 14952–7.
24. Kania A, Salzberg A, Bhat M, D’Evelyn D, He Y, et al. (1995) P-element
mutations affecting embryonic peripheral nervous system development in
Drosophila melanogaster. Genetics 139: 1663–78.
25. Escudero LM, Caminero E, Schulze KL, Bellen HJ, Modolell J (2005)
Charlatan, a Zn-finger transcription factor, establishes a novel level of regulation
of the proneural achaete/scute genes of Drosophila. Development 132:
1211–1222.
26. Tsuda L, Kaido M, Lim YM, Kato K, Aigaki T, et al. (2006) An NRSF/REST-
like repressor downstream of Ebi/SMRTER/Su(H) regulates eye development
in Drosophila. EMBO J 25: 3191–3202.
27. Shi Y, Sawada J, Sui G, Affar el B, Whetstine JR, et al. (2003) Coordinated
histone modifications mediated by a CtBP co-repressor complex. Nature 422:
735–738.
28. Lee MG, Wynder C, Cooch N, Shiekhattar R (2005) An essential role for
CoREST in nucleosomal histone 3 lysine 4 demethylation. Nature 437:
432–435.
29. Shi YJ, Matson C, Lan F, Iwase S, Baba T, et al. (2005) Regulation of LSD1
histone demethylase activity by its associated factors. Mol Cell 19: 857–864.
30. Kurucz E, Zettervall CJ, Sinka R, Vilmos P, Pivarcsi A, et al. (2003) Hemese, a
hemocyte-specific transmembrane protein, affects the cellular immune response
in Drosophila. Proc Natl Acad Sci USA 100: 2622–2627.
31. Kurucz E, Va ´czi B, Ma ´rkus R, Laurinyecz B, Vilmos P, et al. (2007) Definition
of Drosophila hemocyte subsets by cell-type specific antigens. Acta Bio. Hung
58(Suppl): 95–111.
32. Goto A, Kadowaki T, Kitagawa Y (2003) Drosophila hemolectin gene is
expressed in embryonic and larval hemocytes and its knock down causes
bleeding defects. Dev Biol 264: 582–591.
33. Crozatier M, Ubeda JM, Vincent A, Meister M (2004) Cellular immune
response to parasitization in Drosophila requires the EBF orthologue collier.
PLoS Biol 2: E196.
34. Dallman JE, Allopenna J, Bassett A, Travers A, Mandel G (2004) A conserved
role but different partners for the transcriptional corepressor CoREST in fly and
mammalian nervous system formation. J Neurosci 24: 7186–7193.
35. Stramer B, Wood W, Galko MJ, Redd MJ, Jacinto A, et al. (2005) Live imaging
of wound inflammation in Drosophila embryos reveals key roles for small
GTPases during in vivo cell migration. J Cell Biol 168: 567–573.
36. McGuire SE, Le PT, Osborn AJ, Matsumoto K, Davis RL (2003)
Spatiotemporal rescue of memory dysfunction in Drosophila. Science 302:
1765–8.
37. Rus F, Kurucz E, Ma ´rkus R, Sinenko SA, Laurinyecz B, et al. (2006) Expression
pattern of Filamin-240 in Drosophila blood cells. Gene Expr Patterns 6: 928–34.
38. Struhl G, Basler K (1993) Organizing activity of wingless protein in Drosophila.
Cell 72: 527–540.
39. Waltzer L, Bataille ´ L, Peyrefitte S, Haenlin M (2002) Two isoforms of Serpent
containing either one or two GATA zinc fingers have different roles in
Drosophila haematopoiesis. EMBO J 21: 5477–86.
40. Miccio A, Wang Y, Hong W, Gregory GD, Wang H, et al. (2010) NuRD
mediates activating and repressive functions of GATA-1 and FOG-1 during
blood development. EMBO J 29: 442–56.
41. Rizki MTM (1957) Alterations in the haemocyte population of Drosophila
melanogaster. J Morphol. 100: 437–458.
42. Avet-Rochex A, Boyer K, Polesello C, Gobert V, Osman D, et al. (2010) An in
vivo RNA interference screen identifies gene networks controlling Drosophila
melanogaster blood cell homeostasis. BMC Dev Biol 10: 65.
43. Honti V, Csorda ´s G, Ma ´rkus R, Kurucz E, Jankovics F (2010) Cell lineage
tracing reveals the plasticity of the hemocyte lineages and of the hematopoietic
compartments in Drosophila melanogaster. Mol Immunol 47: 1997–2004.
44. Stout RD, Watkins SK, Suttles J (2009) Functional plasticity of macrophages: in
situ reprogramming of tumor-associated macrophages. J Leukoc Biol 86:
1105–9.
45. O’Shea JJ, Hunter CA, Germain RN (2008) T cell heterogeneity: firmly fixed,
predominantly plastic or merely malleable? Nat Immunol 9: 450–3.
46. Varol C, Yona S, Jung S (2009) Origins and tissue-context-dependent fates of
blood monocytes. Immunol Cell Biol 87: 30–8.
47. Crew JR, Batterham P, Pollock JA (1997) Developing compound eye in lozenge
mutants of Drosophila: lozenge expression in the R7 equivalence group. Dev
Genes Evol 206: 481–493.
48. Carrera P, Abrell S, Kerber B, Walldorf U, Preiss A, et al. (1998) A modifier
screen in the eye reveals control genes for Kru ¨ppel activity in the Drosophila
embryo. Proc Natl Acad Sci U S A 95: 10779–10784.
Drosophila Lamellocyte Origin
PLoS ONE | www.plosone.org 12 November 2010 | Volume 5 | Issue 11 | e14051